Extrachromosomal genetic elements generally exhibit increased AT-contents relative to 26 their hosts' DNA. The AT-bias of endosymbiotic genomes is commonly explained by 27 neutral evolutionary processes. Here we show experimentally that an increased AT-28 content of host-dependent elements can be selectively favoured on the host level. 29 Manipulating the nucleotide composition of bacterial cells by introducing A+T-or G+C-30 rich plasmids, we demonstrate that cells containing GC-rich plasmids are less fit than 31 cells containing AT-rich plasmids. Moreover, the cost of GC-rich elements could be 32 compensated by providing G+C-, but not A+T-precursors, thus linking the observed 33 fitness effects to the cytoplasmic availability of nucleotides. Our work identifies selection 34 as a strong evolutionary force that drives the genomes of intracellular genetic elements 35 toward higher A+T contents. 36 37
E. coli cells containing AT-rich plasmids are fitter than cells containing GC-rich
To determine whether the plasmids' nucleotide composition affected the host cell's 143 fitness, AT-rich (i.e. cells harbouring AT-rich plasmids) and GC-rich (i.e. cells harbouring 144 GC-rich plasmids) E. coli cells were grown for 24 h in minimal medium, and the growth 145 kinetics of these cultures were determined spectrophotometrically. The results of this 8 146 experiment revealed that GC-rich cells harbouring the plasmid pJet1.2/blunt (hereafter: 147 pJet) grew significantly less well than the corresponding AT-rich cells: GC-rich cells 148 displayed a significantly extended lag-phase, a decreased maximum growth rate, and 149 reached a lower maximum cell density as compared to AT-rich cells (Fig. 2 A-C) . 150 Repeating the same experiments with E. coli strains that harboured the second plasmid 161 The copy number of plasmids is usually genetically determined by replication-control 162 mechanisms that are encoded by the plasmid itself (18). Nevertheless, the copy number 163 of a single plasmid can vary, depending on the extent of metabolic costs it imposes on 164 its host. For example, the copy number of a plasmid has been shown to decrease with 165 increasing length or gene content of the accessory region (12). Accordingly, if a GC-rich 166 plasmid imposes a higher metabolic cost on its host than an AT-rich plasmid, it should 167 also be present in a lower copy number than the less costly AT-rich plasmid. This 168 hypothesis was tested by quantifying the copy numbers of both plasmids harbouring AT-169 or GC-inserts via quantitative PCR (qPCR). Indeed, qPCR analyses revealed that the 9 170 copy number of both plasmid backbones analysed were drastically reduced when 171 plasmids contained GC-rich inserts relative to plasmids with AT-rich inserts ( Fig. 3 ).
GC-rich plasmids have a lower copy number than AT-rich plasmids

172
These results further corroborate that GC-rich plasmids likely impose a higher metabolic 173 burden on their host cells than AT-rich plasmids, thus resulting in a strongly reduced 174 copy number. The finding that AT-rich plasmids impose a lower metabolic burden on host cells than 219 GC-rich plasmids was obtained using E. coli as host, whose chromosome has a GC-220 content of ~ 50%. However, the intracellular availability of nucleotides likely depends on 221 the base composition of the cell's chromosome, because the biosynthetic machinery of 222 a cell is expected to have evolved in a way that it produces the required building block 223 metabolites in optimal amounts. As a consequence, G+C nucleotides should be more 224 abundant than A+T nucleotides in species with high genomic GC-contents, thus 225 rendering GC-rich plasmids less costly than AT-rich plasmids.
226
In order to test this hypothesis, eight bacterial species with a genomic GC-content 227 ranging from 40% GC (Acinetobacter baylyi ADP1) to 68% GC (Azospirillum brasilense AT-rich plasmids was quantified spectrophometrically as before. Indeed, the results of 236 these experiments revealed that the burden imposed by these two plasmids depended 237 on the genomic GC-content of the bacterial host: when the host chromosome was more 238 AT-rich, the fitness of cells containing the AT-rich plasmid was higher than the one of 239 cells containing the GC-rich plasmid (Fig. 5 ). In contrast, when host cells with a more 240 GC-rich chromosome were considered, the fitness of cells containing the GC-rich 241 plasmid was increased relative to cells containing the AT-rich plasmid (Fig. 5) . Thus, the 12 242 molecular composition of the host's genome strongly affected the fitness cost imposed 243 by extrachromosomal genetic elements. 244 In addition, plasmid copy number measurements revealed that AT-rich plasmids were 245 generally more abundant in species with low and intermediate genomic GC-contents 246 (Fig. S1 ). However, in the two species with the highest GC-contents (i.e. Azospirillum 247 brasilense and Xanthomonas campestris), GC-rich plasmids were present in higher 248 copy numbers than the AT-rich plasmids.
249
Taken together, GC-rich plasmids imposed higher fitness costs than AT-rich plasmids 250 on species with low to intermediate genomic GC-contents, while AT-rich plasmids were 251 more costly for bacterial species with higher genomic GC-contents. were less costly ( Fig. 5 ) and present in a higher copy number than AT-rich plasmids 267 ( Fig. S1 ). Supplementation experiments confirmed that the observed fitness effects were 268 indeed due to limiting pools of the corresponding nucleotides and not resulting from the 269 GC-content of the introduced sequences per-se (Fig. 4) .
270
The continuous synthesis of nucleotides is crucial for DNA replication in all dividing production rates. For example, the biosynthetic cost to produce A+T nucleotides is less 291 than the energy that is required to biosynthesize the same amounts of G+C (4). An 292 extrachromosomal genetic element that now enters such a cellular system disturbs this 293 equilibrium by withdrawing nucleotides from intracellular pools to enable its own 294 replication. By doing so, plasmids (and likely also intracellular bacterial endosymbionts) 295 incur a cost to the hosting cell that depends on both the nucleotide availability in the 296 host's cytoplasm and the amount and identity of nucleotides it consumes.
297
In cells of Escherichia coli, whose genome is characterized by a mean AT-content of 298~ 50%, ATP is the most abundant nucleotide (3.5 mM ATP, 2.0 mM UTP, 1.9 mM GTP, 299 and 1.2 mM CTP under exponential growth, see (10)). This is likely because of the dual 300 function of ATP, which is not only used for RNA and DNA synthesis, but also plays a key 301 role for transferring energy within cells. Unfortunately, to the best of our knowledge, no 302 other study exists to date that quantified cytoplasmic nucleotide concentrations in other 303 bacterial species, especially those that feature higher genomic GC-contents. 304 Nevertheless, it appears reasonable to assume that cells with a higher genomic GC-305 content should also have an increased demand for G+C nucleotides including both ribo- 
331
In this case, host individuals that contain more AT-rich elements are evolutionarily fitter 332 than hosts containing more GC-rich intracellular elements. As a consequence of the 333 resulting competition, hosts that contain more AT-rich elements will survive and GC-rich plasmids within a few days (Fig. 4) . Unfortunately, it was not possible to test 338 whether AT-rich plasmids could outcompete GC-rich plasmids within a given host cell, 339 as plasmids using the same mode of replication cannot coexist within the same cell (i.e. 340 when they belong to the same plasmid incompatibility group, see (25)) 341 Our results not only help to understand the GC-content variation in extrachromosomal 342 genetic elements such as plasmids and viruses, but have also significant ramifications 343 for endosymbiotic bacteria. Similar to the interaction between bacteria and their 344 plasmids, host-dependent bacterial cells regularly feature genomes with drastically 345 increased AT-contents relative to the DNA of their host cell. In addition, many bacterial 346 endosymbionts have lost the genes for an autonomous biosynthesis of all four 347 nucleotides (26, 27). Hence, to maintain a sufficient nucleotide-supply, cells require 348 uptake mechanisms that allow them to import nucleotides from the host's cytoplasm. 349 Indeed, uptake systems for nucleotide triphosphates in intracellular bacteria have been 350 previously identified for Rickettsia and Chlamydia (28, 29), which are also known to lack 351 specific genes essential for nucleotide biosynthesis pathways. Table S1 . Non-coding AT-and GC-rich sequences used in this study. AT-rich 634 sequences (AT01-08) were amplified from the genome of Arabidopsis thaliana 635 (chromosome 4), whereas GC-rich sequences (GC01-GC08) were amplified from 636 Chlamydomonas reinhardtii ( + chromosome 1, * chromosome 2). 
